Abstract
Cement

127
Ordinary Portland cement type I was used in this study. Table 1 lists the results of the X-ray 128 fluorescence analysis for the chemical properties of the cement. The specific gravity of 129 cement was 3.17 g/cm 3 .
hereinafter the samples, containing 0% (control), 50%, and 70% BFS. 
W/C Ratio and Water Curing Condition
Structural Performance
157
The average compressive strength and the Young's modulus of the cylindrical samples were 158 determined at each curing condition and temperature. The rupture modulus and working 159 stresses of the samples were calculated using Equations (1) and (2).
160
Packard (1973) [1]
[2]
161
where MR is the rupture modulus; K is a constant value (from 8 to 10); is the compressive 162 strength (psi); SF is the safety factor.
Reinforcing Steel
165
The following three types of reinforcements with different performances were designed for 
Highway 175 176
In this study, the pavement design method of the American Association of State Highway and
177
Transportation Officials (AASHTO) was used. Therefore, an equivalent single axle load
178
(ESAL) of 8.2 t was chosen to estimate the required thickness of highway concrete 179 pavements according to AASHTO.
180
To design the highway pavement, a 12 km dual carriage highway with three lanes in each 181 direction (each lane width is 3.65 m) was considered. The number of equivalent axle loads is 182 5,000,000, and the assumed reliability is 95%. 
Airport 184 185
In this research, the vehicle design for the airport pavement is the Boeing 787 Dreamliner. In 186 other words, it is the design aircraft for the structural design of the airport taxiway pavements
187
(as functional unit) with a length of 2,000 m and a width of 60 m. 
By-products
The BFS is required to be processed before using in the concrete manufacturing process. production infrastructure assets. It is reported that 7% of total worldwide generated electricity 229 is used for the production and distribution of water and treating of waste water (Young 2010 ).
230
In this study, the energy requirement for water can be divided into two parts.
231
1) Water production: the energy requirement for raw water production and treatment.
232
In this study, the water is assumed to be supplied from wells. In this regard, the energy As the delay time has no economic value, the effect of time should be converted to a quantity 293 that can be measured in terms of cost. In general, the effect of time needs to be characterized 294 based on indicators such as fuel consumption, environmental impact indicators, or any other output to measure it in monetary terms. In this study, the energy requirement is chosen as an 296 indicator to measure the effect of delay.
297
The energy consumed for heating the water consists of two parts: 1) warming from the 298 ambient temperature to the required curing temperature (Part 1); 2) keeping the water warm
299
(Part 2), as shown in Figure 2 . It is clear that without additional energy to maintain the 300 temperature of water, the temperature decreases back to the ambient temperature (Part 3).
301
The ideal condition is that once the temperature increases and reaches the curing temperature, 302 the warm water is promptly used to produce concrete. However, it is possible that there is a 303 delay in using this water. Therefore, the water should be kept warm until the aggregate 304 materials and cement are blended, and hence, Part 2 or delay zone may appear. Any delay in 305 using the warm water results in more energy consumption in the pavement construction.
306
Hence, the delay not only leads to economic loss, but it also decreases the sustainability of 307 pavement construction. Therefore, the longer the delay, the higher the energy consumption.
308
The additional energy consumption due to delay is a function of the total time of delay and 
where is the time gradient per unit energy consumption (h/1 TJ); ΔT is the total delay time (h); T 0 is the initial delay time (it is assumed zero as ideal condition); T n is the final delay time; ΔE is the unit energy consumption (1 TJ); f(t) is the mathematical correlation of the chosen indicator (energy in this study) as a function of delay; s is the chosen indicator such that the delay is converted to energy.
322
The Laplace transformation is used instead of the simple integral (Equation 5), because the 323 simple integral requires a specific upper limit for integration, but it is impossible to guess the 324 exact value of the delay before the commencement of any paving project, and hence, defining All energy requirement is converted to the industrial fuel type, natural gas in this study. Then,
333
the GHG emissions, including CO 2 , CH 4 , and N 2 O, are calculated using the proximity factors 30.98 (or 31 cm). In practice, the required thickness is rounded off to the nearest multiple of 5.
354
As a result, curing of control pavement sections mainly depends on W/C ratio rather the 355 curing temperature.
356
Figures 4(c) to 4(f) show the design charts for various BFS contents and curing temperatures.
357
It can be seen that the required thickness for the highway and airport pavements, Table 7 show that interaction between the by-product and curing temperature has a 378 significant factor on the Young's modulus of samples conditioned after curing for 180 days.
379
However, although the difference between the required thicknesses cannot be considered for water, as one phase of raw material is processed for both by-product type and content.
413
Therefore, pertinent CO 2 footprint in water processing phase increases, as listed in Table 8 .
However, the total fuel consumption, which covers the entire life cycle of the pavement,
415
including from cradle to the gate, reduces ( interpreted that if the concrete is produced using 50 °C water with a 2 h delay, the total 474 energy requirement to heat the water is equal to the concrete produced using 35 °C. Therefore, 475 a delay of 2 h can be tolerated in this case. Figure 7 (e) shows that a delay of 3 h can be 476 tolerated for the highway concrete pavements incorporating BFS produced using water at 477 50 °C. However, the energy requirement due to delay in pavements containing 70% BFS 478 using 50 °C water is strictly higher than BFS pavements at 35 °C.
479
In the case of FA pavements, Figure 7 (f) shows that the delay time can be tolerated for up to 480 6 h for the 15% FA pavements produced using 50 °C water, while it decreases to 2 h when 481 the FA content increases to 30% (Figure 7(g) ), which is 67% lower than the 15% FA 482 pavement. Therefore, increase in the FA content decreases the delay that can be tolerated 483 during concrete production. Therefore, the tolerated delay depends on the HDP application,
484
by-product type, and content. As the water content, in terms of increase of W/C in concrete 485 production, increases, energy loss due to the delay rises because more heat energy is function 486 of material mass, the specific heat capacity and the target temperature, as shown by equation 1.385 h/TJ, which implies that the time requirement for 1 TJ energy consumption is 1.387 h,
491
while the corresponding value at 50 °C is 0.675 h (Figure 8(a) ). Therefore, the time 492 requirement for consumption of unit tera joule energy (1TJ) due to delay for pavements using 493 50 °C water is 51% less than those at 35 °C, because of higher water temperature. Hence,
494
when the curing temperature increases, energy is consumed due to the delay during concrete 495 mixing at a shorter time; consequently, the speed of energy consumption increases. 8(b)), which is almost 50% lower than that conditioned at 35 °C. In other words, speed of 506 energy consumption due to delay increases, as water temperature increases. As a result, the 507 delay has more effect on energy consumption while warmer water curing is used in concrete 508 production. Therefore, the use of 50 °C water has no significant effects on reduction of 509 required thickness of HDP incorporating by-products (Figure 4 ). In addition, energy 510 requirement of water processing for all HDPs (Figures 6 and 7) and CO 2 footprint (Table 8) 511 increase and any delay in the construction results in a huge amount of energy loss (Figure 8) . incorporating various types of by-products should be conducted.
543
• It is recommended to analyze the effects of elevated curing temperature and by-544 product type and content on the microstructure of HDP sections.
545
• Characterization of by-product type, content, and W/C ratio, temperature of water 546 curing on durability of HDP designed for highways and airports can be other subjects 547 for future research.
548
• It is recommended to analyze the effect of delay for HDP prepared using different 549 W/C ratios. Also, effect of delay on transportation and paving should be included.
550
• In this study, the function of energy versus delay time changes linearly. It is 551 recommended to study when the function has different trends, e.g., polynominal 552 and simple curve.
553
• It is recommended to characterize the effects of various by-product types, content and 554 W/C ratios on the leachate of HDP at various service conditions. Note: the data presents the difference in CO2 footprint between the section and control pavement conditioned at 20 °C 
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